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Abstract

In-situ optical second harmonic generation (SHG) spectroscopy was used to
examine the potential induced surface reconstruction of a Au (110j surface in a solution
of 0.01 M HCIO.. The SHG rotational anisotropy was measured at different potentials
using the fundamental beam (1064 nm) of the Nd:YAG laser. Analysis of the data
shows that the overall symmetry of the surface is Cs. It was also found that the second
order nonlinear susceptibility for both the reconstructed and the unreconstructed

- surface have a large three fold symmetry component. We suggest that the three-fold

symmetry source is partly due to the (111) microfacets that are present on the (110)

" surface.
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Figure 3.3. The giass plunger and teflon holder for Au (110) at the end of the plunger.
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Figure 3.7. Optical setup for SHG spectroscopy.

Figure 3.8. The arrangement of the polarizer, analyzer and the fenses at the sample.
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Figure 4.3. The average of the measured rotational anisotropy of Au (110) electrode vs
potential for p-polarized fundamental and s-polarized second harmonic in- N
0.01 M HCIO,. The potentials applied were from the bottom to the top of the
curve; -0.2 V,+0.4V, +0.6 V, +0.8 V. |

Figure 4.4 A single run for the experimental SHG rotationél anisotropy. The condition
is same as that for the average runs.
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Chapter 1: Introduction

1.1. Introduction

The purpose of this experiment is to investigate the process of reconstruction on
the Au (110) electrode surface in a weakly adsorbed electrolyte using non-linear
spectroscopy [1]. This chapter presents an introduction as well as a short explanation
of the low index faces of gold, the electrochemistry of single.crystal gold electrodes
related to SHG and surface reconstruction.

Experimental methods for structural characterization of the electrode/electrolyte
interface can be divided into two broad categories: ex-situ methods; where the
electrode is removed from solution and probed in ultra high vacuum with various
spectroscopies, in-situ methods; where the electrode surface is examined under
electrochemical conditions.

Ex-situ structural methods are the various electron spectroscopies, e.g. low
energy electron diffraction (LEED) [2] or x-ray photoelectron spectroscopy (XPS) [3].
The main limitation of these methods is that the electrode has to be removed from
solution and characterized in uftra-high vacuum (UHV). This makes it difficult to
determine how the structure of the electrode surface in UHV is related to the surface
prior to removal from solution. Such an approach can lead to false conclusions about

the structure of the electrode in solution.
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In-situ methods are more appropriate to study metal-soiution interfaces because

these methods characterize the surface in the electrolyte solution. However, the
requirements are mcre stringent to be able to distinguish between the response of the
species detected at the surface from the same species distributed in the bulk of the
solution. Thé X-ray methods, such as the extended x-ray adsorption fine structure
(EXAFS) [4], the grazing incidence x-ray scattering (GIXS) [5] and surface x-ray
scattering (SXS) [6,7] can give information about the interface. In-situ structural
techniques such as the scanning tunneling microscopy (STM) have emerged only
recently. STM allows a direct access to the real-space atomic structure of metal
surfaces in electrochemical as well as in ultrahigh vacuum environment [8-10]. The
possible difficulty with the STM method is that the probing tip can cause stray
capacitance in solution which may interfere with the observation. To minimize this
interference the probing tip is covered usually with a glass coating or “nail polish” but
this may introduce contamination [11].

Recently, optical laser techniques, such as SHG have been applied to study the
structural changes occuring at the metal-electrolyte interface. SHG is well suited to
study surfaces of centrosymmetric media (e.q., fcc metals) because the nonlinear
optical response mainly arises at the surface were the inversion symmetry is broken.
Several electrode materials were studied; Ag [12,13), Au [14], Pt [15]. This technique
can also be applied to pfobe molecular adsorption on a metal surfaces, both in UHV

and at the metal-liquid interface [16-18].
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SHG can probe structural changes and phase transitions of adsorbate overiayers less

than a monolayer coverage. SHG can also be used to monitor surface reactions and

surface dynamics on metalis {16].

1.2 Low index faces of gold

One of the reason for studying single crystal surfaces has to do with the high
level of their symmetry. The ordered structure of the single crystal surface permits the
study of the relationship between structure and chemical reactivity.

The atomic structural arrangement is characteristic of each single-crystal
surface. The faces of single crystals are identified in terms of Miller indices. In this
notation the orientation of the face is given relative to the crystal axes. In Figure 1.1 (A)
an example of the reference coordinate system for the (111) plane is shown where the
three lattice points, each one unit from the origin defines the crystallographic (111)
plane. In Figure 1.1 (B) the Miller indices of some important planes of the cubic close
packed system are shown [19]. To calculate Miller indices (hkl), first the intercepts of
the plane on the three crystal axes have to be found, then their reciprocals are taken
and the three smallest integers are reduced to have the same ratio [20-22]. A low index
means that the Miller indices are either one or zero. As an example, the (100) is a low
index face and the (332) plane is a high index face. SHG studies on some of the low

index faces of gold can be found in references [23,24].



Figure 1.1. (A) The reference system to determine the Miller indices.
(B) the importént low index planes of gold are illustrated. Taken from

reference [22].



1.3 Electrochemistry related to the surface reconstruction of gold

In this section the electrical double layer and the potential of zero charge are
discussed. The electrochemistry of the double layer region for the electrode/electrolyie
interface gives information on the surface reconstruction.

The potential of zero charge (pzc) is defined as the potential at where the net
charge of the electrode is zero in a given electrochemical system. At more positive
potentials the electrode has an excess positive surface charge, and at more negative
potentials, the electrode has an excess negative charge. The pzc is characteristic of
the electrode material and depends to some degree on the components of the
electrolyte solution. In the case of no adsorption the pzc is linearly related to the
electronic work function (the energy required to remove an electron from the highest
occupied level of the solid) of the metal surface [25]). For metals with higher melting
points, such as Ag, Cu, Au the pzc is dependent on crystallographic orientation [19].
The pzc for Au (110) is about -40 mV vs the saturated calomel electrode (SCE), for the
more densely packed Au (111) it is about +300 mV (SCE) in 0.01 M HCIO, electrolyte.
Qualitatively a more positive pzc corresponds to a more densely packed surface
because it has the highest electronic work function. A more negative pzc corresponds
to a rougher, less densely packed surface because it has the lowest work function. If
there is an adsorption on the electrode surface and if the charge of the adsorbate is

positive the pzc shifts positively.
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This shift increases as the concentration of the adsorbate increases. If the charge of

the adsorbate is negative the pzc shifts negatively with the increasing concentration.
The pzc can be measured with different methods such as the radiotracer
method, friction, differential capacitance or electrocapillarity [25,26]. For single crystals,
the pzc is usually measured with differential capacitance as shown in Figure 1.2 (b).
The capacitance of the metal-electrolyte interface characterizes its ability to store
charge when the potential is disturbed. The change in charge density with the variation

of potential can be expressed with the equation,
oc '
= (= 1.1
C =G (1.7)

The differential capacitance is the slope of the surface charge ¢ vs. the potential V in
equation (1.1). The capacitance measurement is taken in the absence of specific
adsorption and surface reconstruction where the electrolyte is at a sufficiently low
concentration. An approximate method can be used to determine the pzc. This
involves expanding the double layer of the CV as shown in Figure 1.2 (a). The pzc is

taken as the potential at which the current is the smallest.
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Figure 1.2. (a) Literature Cyclic Voltammogram of Au (110} in 0.01 M HCIO., 80 mV/s;
23 21 C°. (B) The corresponding C(E) curves in the same solution.

Smv/s. (Taken from Reference [28].)



i. The electrical double layer

The electrode-solution interface behaves like a capacitor. The metal solution
interface is called the electrical double layer. The rates of the various electrode
processes can be affected by the structure of the double layer. In electricity a capacitor
is a device for storing electric charge. It usually consists of two parallel conducting
sheets separated by some dielectric material. The behavior of the capacitor is

governed by the equation

(1.2)

<o
[
9]

where gis the charge (in Coulombs, C), Vis the potential across the interface (in Volts,
V), and C is the capacitance (in Farads, F). When potential is applied across a
capacitor, charge accumulates on the metal sheets according to equation 1.2. During
this process a charging current will flow. One plate of the capacitor contains a surplus
of electrons and the other is deficient of electrons. The electrode-solution interface
behaves similarly, one plate is the electrode and the other is the solution. There is
charging on the electrode and charging of the solution at the surface, and whether the
charge is negative or positive is depends on the applied potential across the interface.
If there is charge on the metal this means an excess or deficiency of electrons on its
surface relative to the charge at the pzc. On the other hand a charge on the solution

represents excess of either cations or anions close to the electrode surface.
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The electrical double layer consists of the metal electrode and the soiution [27].

The solution side can be devided into several regions as illustrated on Figure 1.3. A
layer next to the electrode surface is called the inner layer, which contains solvent
molecules and some other species adsorbed to the surface. The total charge density in
this inner layer is ¢' , which is from the specifically adsorbed ions. The next layer, at a
distance.xz called the outer Helmholtz plane (OHP) which is located from the electrical
center of the specifically adsorbed ions to the electrical center of the solvated ions. The
interaction is longe-range electrostatic between the charged metal and the solvated
ions because of the bigger distance among them. The solvated ions are nonspecifically
adsorbed and randomly distributed in the diffuse layer. The diffuse layer extends from

OHP to the bulk of the electrolyte solution.

v

A



Metal

Specifically adsorbed anion

O= Solvent molecule

S0 020 %

— Ng— F—
g -

L~
z
A
L
(8]

Figure 1.3. The model of the electrical double layer

Taken from reference [27].
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ii. Cyclic voltarnmetry of Au (110)

The cyclic voltammetry (CV) of gold polycrystal and also single crystal faces are
used to characterize the interface and have been studied extensively {28]. A typical CV
for Au (110) is shown in Figure 1.2 (a) [28]. This figure represents the CV for Au (110)
at 80 mV/s in 0.01 M HCIO.. The double layer region is located between -0.5 to 0.7 V
(SCE) and it is symmetric. As the potential is cycled in the positive direction a
monolayer of surface oxide is formed between 1.0 and 1.4 V (SCE). This oxide layer is
éompletely reduced as the potential is cycled in the reverse direction around 0.9 V
(SCE). The process of oxide formation is reversible, this means that aill of the
monolayer of oxide that is formed in the anodic cycle is reduced in the cathodic cycle.
The pusition and the shape of the peak potentials are characteristic of each gold single
crystal face for a given electrolyte solution. We have assigned the different peaks
related to the formation of the reversible surface oxide following a mechanism proposed
previously [29]. For Au (110) in 0.01 M HCIO, in the positive going anodic cycle a small
current peak in the CV marked as OA1 corresponds to the first charge transfer in the
two electron transfer process where a monolayer of the OH species is deposited on

the surface between the specifically adsorbed CIOy anions (Figure 1.4).

[Au, CIO4 JAU + HO < [Au, ClOs JAUOH +H" + e (1.3)
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Figure 1.4. Cyclic voltammetry of Au (110) in 0.01 M HCIO,. Scan rate 80 mV/s.

23 +1 °C.
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The second very sharp peak and a smaller peak next to it, OA2-1 and OA2-2 at 0.96 V

and 1.0 V (SCE) correspond to OH deposition that replace the CIO4 anions.

Au,ClOs +HO - Auyq + AUOH +ClOs +H" + & (1.4)

When the coverage of OH is high enough a tumover process can occur as shown in

equation (1.5).

OH OH Au OH (1.5)
I 1 — ) 1
Au Au OH Au

According to Conway et al. [29] the anion replacement and the turnover process (RTO)
occurs simultaneously. -

The relatively small anodic peak, CAS3 relates to the completion of the OH monolayer
as represented by the following process

[AUOHL: Au + H;O — xAuOH + H' +e (1.6)

The last feature in the anodic cycle before the potential scan is reversed is the peak

' QA4 which corresponds to the second charge transfer process.
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AUOH — AuO +H" + e (1.7)

In eqgn. (1.7) other oxidation species, like Au(CH)> can be formed. These equations
above, do not represent stoichiometric quantities, they only show the possible surface
interactions. On the reverse or cathodic cycle the reduction of the oxide monolayer
occurs. Peak OC1 is the counterpart of OA1 where the deposited OH is being reduced.
The large peak OC3 represents a two step reduction process of the RTO sequence

where the first step is the reduction of the tumover process.

OHAu — AuOH | (1.8a)
The second step the actual electrochemical reduction process is

AUWOH+H" + ¢ =5 Au +H:0 | (1.8b)

The OC2 peak represents the reduction of the deposited OH species in the OA2

process.

[
¥
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1.4 Electrode su recon ction

To understand surface processes, such as adsorption or chemical reactions on
surfaces, a detailed model of the surface atomic geometry is essential [30].
Furthermore, the electrocatalytic activity of a metal surface can be influenced by its
crystallographic orientation.

The origin of reconstruction and relaxation of a solid surface is coming from the
tendency towards a minimum surface free energy. The simplest surface model
assumes that, the periodicity and the spacing of the outermost layers of the surface
atorns are identical to the bulk of the solid. On a real surface this arrangement of atoms
often does not represent the most stable structure, because the electronic configuration
and the coordination of the atoms on the surface are not the same as in the bulk due to
surface reconstruction and relaxation.

The surface structural changes can be divided into two types [30-33]:

i. Relaxatiom When a surface relaxes the topmost layer retains the symmetry of
the bulk, but the atomic distances vertical to the surface are different from the bulk. In
some cases specially surfaces with low symmetry a given layer can also shift laterally
against the layers in the bulk. The surface relaxation involves small atomic
displacements. In many cases there is a contraction between the first and the second

layers and expansion between the second and third layers on the surface.
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ii. Recon ior: This is a stronger surface disturbance than surface

relaxation. A surface reconstruction consists of a rearrangement of the topmost layers
into a different unit cell. This results in a different symmetry compared to the bulk. The
surface atoms can undergo substantial lateral displacement.

Both, relaxation and reconstruction are mukilayer phenomena. The
reconstructive rearrangements are favored on fcc metals, like Au (110). The relaxation
processes are favored on bee metals. The reduction in surface free energy more than
compensates for the incraase in surface area caused by the reconstruction.

In electrochemistry the surface reconstruction can be caused by different
processes: it can be spontaneous, as in vacuum [2]; or induced by the applied
potential, as in Au {119} [22 (b), 34]; or caused by adsorption of molecules or atoms
[23]. These types of surface restructuring, like surface roughening, the creation of
steps, and faceting can cause macroscopic changes in the surface topology. These
changes have an impact on the physical and chemical properties on surfaces. To
examine these structural changes is especially important in electrochemistry because
of their effects on the chemical reactivity.

It is known that under ultrahigh vacuum the clean surfaces of Pt, Au and Ir
undergo reconstruction [11]. For example, the hexagonal close-packed (hcp) structure
of the Au (100) reconstructed surface has a structural misfit between the top layer and
the layers under it which causes the surface to be slightly buckled. The surface density
of the reconstructed hcp surface contains about 20 % more atoms than the

unreconstructed (1x1) surface. This gives a rather complicated (5x20) structure where
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the Au (100) exhibits a hexagonal reconstruction where there are almost six surface

atoms for every five bulk atoms along the <110> direction (Figure 1.6 (a)). The Au
(111) reconstructed surface has a hexagonal dense packed structure which consists of
a 4 % contraction of the surface layer in one of the three <110> directions. This causes
every 23rd surface atom to be in register with the underlying bulk. This leads to the

(1x23) structure (see Figure 1.6 (c). The reconstruction of the Au (110) is discussed
below.

1.5. Reconstruction of Au (110) electrode in 0.01 M HCI

The Au (110) unreconstructed surface has a square unit cell structure

which is shown in Figure 1.5.

0.41nm

0.28 nm
<110s

»

<100~

Figure 1.5. The unit cell structure of the unreconstructed Au (110) surface.
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(3) Au(100) (1x1) {5x20)

(b)Y Au(110) (1x1) {1x2)

() Aul(111) (1x23)

L d CRAAANAANNYIIISS

AJA.A.AA-A&.IAAAJ.A'A-IA.IAAA'A-
'r'!'vvv'vvvvvv'r"-.-_v"vvv'rv‘vv-'v

Figure 1.6. Top view of surface reconstruction of the low index faces of gold. (A)

Au (100), (B) Au {110), (C) Au (111).
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The surface reconstruction of Au (110) is different from those of the Au (111) anc the
Au (100). The Au (110) surface reconstructs spontaneously in UHV [35,36]. It forms a
(1x2) also known as “missing row” type reconstruction where every second row in the
<100> direction is removed (Fig.1.5 (b)) as shown by ex-situ low energy electron
diffraction (LEED). This type of reconstruction leads to the formation of the (111)
microfacets in the <100> direction. Similarly, anothér type, the (1x3) reconstruction is
formed when two rows, the second and third are missing in the <100> direction. This
has been confirmed by various techniques, such as electron diffraction, surface x-ray
scattering and scanning tunneling microscopy [2.6,8-10]. The results of the above
studies are discussed in more details below.

The suggestion of a potential induced surface reconstruction in a salt solution
was based on differential capacitance measurement. The observed hysten;esis between
the positive and negative going sweeps, and the _different values of pzc possibly arise
from a change in the superficial structure of the Au (110) surface with the imposed
potential [22 (b)].

The ex-situ LEED studies in UHV showed that on clean Au (110) surface the
(1x2) reconstruction was stable up to +0.9 V (SCE) in 0.01 M HCIO, [37]. It was
beleived that the reconstruction was stable over the entire double layer region and it
was not affected by the specifically adsorbed perchlorate or hydroxyl ions. However,

recent in-situ STM, SXS and SHG have shown that the surface is not reconstructed
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extensively at a potential positive to the pzc as was suggested from the capacitance

measurements.

The in-situ surface X-ray scattering study [38) stated that at a negative potential,
a poorly correlated structure which is an intermediate between the (1x2) and (1x3)
structures is formed in 0.1 M HCIO.. In a salt solution, such as NaCl a more ordered
(1x3) reconstruction seems to exists.

The in-situ scanning tunneling microscopy (STM) study showed that in 0.1 M
HCIOQ, at positive charge densities the unreconstructed (1x1) structure exists, while at a
negative potential, e.g., at -0.3 V (SCE), mainly the reconstructed (1x2) and (1x3)
structures exists. In salt solution, like Kl, at a negative charge density, e.g., at -0.7 V
(SCE) only the (1x3) reconstruction exists [8,9,10,39].

An electron diffraction study by Moritz et al. in ultrahigh vacuum [2,35,36] states
that the Au (110)-(1x2) surface results in a modification of the missing row model with
substantial distortions which are at least three layers deep.The spacing of the top layer
is contracted by about 20%, the bond length are reduced due to the compensation by
the lateral deviation in the second layer and the buckling in the third layer. The topmost
rows of atoms is attracted to the second layer and the nearest neighbor in the third
layer. The bond length are reduced by about 3-5 %. An analogous contraction of bond
length occurs between the second and third layer at those rows of atoms where the top
row is missing, consequently causing the buckling in the third layer. Taking the center
of mass in the third layer as the reference point, both the second and third layer

spacings are expanded slightly by about 2 %.
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Part (A) of Figure 1.7. shows the side view of atomic arrangement of the

unreconstructed Au (110)-(1x1) surface structure. Part (B) shows the structure of the
(1x2) reconstruction, where every second row in the <100> direction is missing. Part
(C) shows the (1x3) where two rows out of three are missing. In perchloric acid a

mixture of the (1x2) and (1x3)} reconstruction exist [2].

'



A 1x1 unreconstucted

B 1x2 reconstructed

¢ 1x3 reconstructed

<110>

<100>

Figure 1.7. The side view of the Au (110) unreconstructed (1x1) and
reconstructed (1x2) ang (1x3) surface structure
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Chapter 2: Theory of Surface Second Harmonic Generation

2 1. Introduction

Second harmonic generation is a nonlinear optical spectroscopy technique that
can be used to probe the structure of surfaces and interfaces in a real environment. in
this chapter the theory of SHG is discussed.

Most of the optical effects are linear effects, such as reflection, refraction,
scattering and absorption of light. It is to say when light interacts with a material, the
response is proportional to the intensity of light. These linear optical responses of
matter modifies the intensity of light but they do not alter their frequencies.

Second harmonic generation, a nonlinear response, was first observed in 1961
by Franken et al. [40] when they focused the €94.3 nm ruby laser output onto a quartz
crystal. They found that the transmitted light consisted two frequency components with
wavelength at 694.3 and 347.15 nm. The crystal generated a second beam at exactly
twice the frequency of the fundamentai laser beam.

The development of lasers are linked to the development of nonlinear optics.
Applications of nonlinear optics include the frequency doubling of a monochromatic
wave (second harmonic generation), the utilization of two monochromatic waves to
amplify a third wave (parametric amplification), the addition of a feedback to a
parametric amplifier to create an oscillator (parametric oscillation), and the mixing of

two monochromatic waves to generate a third wave whose frequency is the sum or the

~—
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difference of the original wave (frequency conversion). Nonlinear optical effects are
weak and usually appear in the presence of intense electric and magnetic fields [41].

To understand the nature of the interaction one can imagine the forces felt by a
single atom in an oscillating electric field. When the electric field is zero, the motion of
the electrons and the nucleus in the atom are in a balanced state. When the
electromagnetic field strength increases this balanced state will be disturbed, the
electron distribution is distorted according to the direction of the electromagnetic field.
Maxwell's theory [42] states that any accelerating (vibrating) electric charge reradiates
electromagnetic energy. As a result of this, every vibrating atom becomes a secondary
source of electromagnetic radiation with the same frequency as the primary exciting
radiation. This secondary radiation is called dipole radiation because it is corning from
two vibrating, oppositely charged parsticles, which form a dipole.

For a weak light source, like a lamp or sunlight, the oscillation of the created
dipoles are harmonic. This means that the response is linear between the vibrational
frequency of the light wave and the vibrational frequency of the dipoles [43]). In
classical optics the relationship between the induced dielectric polarization of a

medium and the applied electric field is linear. This can be described mathamatically as

P=x"E _ (2.1)

where P is the induced dielectric polarization, E is the electric field. %" is the linear

dielectric susceptibility of the medium. In an isotropic media, such as glass, ¢ is a
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scalar quantity and its value is the same in all direction of the applied electric field. In a

nonisotropic media, like most crystals, the magnitude of polarization varies with the
direction of the applied field and y is expressed as a tensor. The linear susceptibility

x'" is related to the index of refraction, n, of the medium by the following equatior::

A = - 1 (2.2

When a high intensity laser beam passes through a dieleciric material such as quartz,
the dipoles can no longer respond linearly and they begin to oscillate anharmonically.
This is because the driving force (electric field strength) now rivals the electrostatic
binding force (Coulomb force) of each atom. The dipoles are not isolated, they are also
susceptible to the local fields of their neighbors. The total dipole susceptibility is
represented in a tensorial form in order to account for all of the combined local fields.
For large values of the electric field E associated with the laser radiation, the induced

polarization can be represented as a series expansion [44].
P=y""E+ P E+ x® E+ .., . (2.3)
where x®, x®, etc. are the second and third order nonlinear optical susceptibilities of

the medium.

The expansion can be written as the sum of two terms
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P=P- 4+ P\ (2.4)

where P is the linear polarization (equation (2.1)) and the nonlinear polarization, PN is

given by
PM= y®EE + y® "EEE +- (2.5)

The second-order nonlinear effects, the first term in equation (2.5) are not observed in
centrosymmetric optical media (media with inversion symmetry) such as glass, liquids,
and gases. This is because of the nonlinear response of the dipoles are symmetricali,
the effects cancels out. Odd harmonics, like third harmonics of the fundamental
wavelength, the second term in equation (2.5) are observed in centrosymmetric
crystals. In noncentrosymmetric crystals both even and odd hanmonics can be

generated [45].

2 nd harrmoni n ion:

In the dipolar approximation the induced second-order polarization P depend on
the product of the square of the electric field and on the nonlinear third rank
susceptibility tensor x® = (x®,). The components of the induced second-order

polarization can be written as; z
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P2o) =3, Y x¥uE;E (2.6)
7 Tk

were i, j, and k corresponds to X, y, and z coordinates.

In the dipolar approximation in order for the x"‘" bulk tensor not to vanish, the crystal
can not have inversion symmetry. The lattice structure of gold is face centered cubic
(fcc.) and it is centrosymmetric. Therefore, the bulk second order nonlinear
susceptibility x® is zero. However, at ine metal-electrolyte interface the symmetry is
broken, because there is no center of inversion and second harmonic can be

generated.
2.3. nonlinear ibili nsor of Au {11

Surface nonlinear optical susceptibilities are characteristic properties of the
material and depend on their electronic structure. In the electric dipole approximation,
for visible light, only the valence electrons contributes significantly to the second order
nonlinear susceptibilty. Theoretical calculations suggest that the nonlinear polarization
occurs in a thin,1-2 A thick dipole layer [45-47]. Since this dipole layer is very thin, the
nonligear polarizability is sensitive to the changes of the surface charge distribution or
to the adéorption of ions or molecules. SHG is therefore sensitive to the symmetry of

. the surface.
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The nonlinear susceptibility depends on the excitation frequency [48]. A more

detailed mathematical cerivation of nonlinear opticai susceptibilities can be found in

reference [46,52].
%P = Py (1) Ej (01) Ex (01) (2.7)

The nonlinear susceptibility tensor has certain form of symmetry that is related to the
surface symmetry. The susceptibility, ¥* is a third rank tensor with 27 elements. By
applying the Neumann principle (the components of a tensor representing a property
will remain unchanged under a transformation of the coordinates govemed by a
symmetry operation for the symmetry group of the material) many of these elements will
be reduced to zero and some can be related to each other, this leaves 18 independent,
nonvanishing 1 elements [53,54]. Equation (2.7) is taken from equation (2.6) where it

is evident that interchange of jand k will not effect this equation and then

e =X | (2.8)

Y
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L. Surface nonlinear susceptibility tensor elements for an unreconstructed Au (110) with

Czv symmetry

The theory used in this work is based on the bulk dielectric continuum developed
by Sipe et al. {[45] where, in the electric dipole approximation [48-50] the bulk nonlinear
susceptibility and second hamonic source disappear. There are cother aftemative
methods developed recently treats SHG [51(a),(b)]-

The inversion symmetry is broken at the surface, and therefore a dipolar
contribution to SHG exists. Besides, there is a discontinuity in the normal component of
the electric field. This gives rise to a big electric field gradient that can generate a large
contribution from higher order multipole terms. Both effects are taken into account by

an effective surface dipole polarization density given by

PSR = ADE.E 8(z-2}) (2.9)

where A7) is the surface susceptibility tensor (in the beam coordinates) and 5(z) is the

Dirac delta function and E is the electric field. For the Au (110)-(1x1) unreconstructed

surface with Cx symmetry, equation (2.9) takes the form

4
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Because of the rotation of the sample it is necessary to transform the surface
coordinates (x,y,2) to beam coordinates (3,k,2 ).In Figure 2.1 the unit vectors of the

surface coordinates and the beam coordinates are illustrated.

Po z
1

<l

Figyre 2.1. The surface cocordinates, x,y,z and the beam coordinates s, kz

Where the = direction is taken as the surface normal, and wave vector component

perpendicular to £ is taken as
k = k[, |sinf,, {(2.11)

Vv, is the wave vector of the incident field expressed as
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Vo=k—0,Z, (2.12)
v is the wave vector of the medium, written as

v=k-og, (2.13)

p, is the direction of polarization of the incident field given by

o Kok 2.14)

Po o/c
p is the direction of p-polarized light in the medium expressed as
. KE+ok
= 2.15
P no/c ( )

where n= \fe(m) the complex refractive index of the medium.

The total SHG intensity including the bulk and surface isotropic and anisotrepic
contributions for the Au (110) for the unreconstructed surface with a Cov symmetry for
the incoming p polarized fundamental and the detected s polarized second harmonic is

expressed by equation (2.16) [45). In the experiment the normalized SHG intensity was

measured.
g . :
=g =|A,['(Asin*20+B, sin2¢sindg +C,, sin’ 49) (2.16)
A =2l @17)
B, =bZb.¢" +b.2by (2.18)

c,. =jpef (219)
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where A, B and C are the Fresnel factors related to the index of refraction. The b’s are

the coefficients for bulk anisotropic harmonic field and ¢ is the azimuthal angle between

the plane of the incident beam and the <100> axis on the (110) surface.

and A, isdescribedas = 5 = T2 (2.20)

2

where s‘z:%. W=[ﬁ=s(2m)—K"']m, K=2k and W,=(3-K?)

are the equivalent of equations (2.11) to (2.15) for the harmonic field.
By rotating the crystal about its surface normal and relative to the plane of
incidence of the exciting beam it is possible to obtain a measure of the rotational

anisotropy of I3®.

This theory has been applied succesfully to many systems [1 4,23,24,45). As an
example the SH intensity for Ag (110) in 0.25 M Na;S0, at a potential -0.69 V (vs
Ag/AgC)) for s-polarized fundamental and p-polarized second harmonic is shown in
Figure 2.2. The Ag (110) surface has a Cov symmetry. The rotationai dependence of the

SH signal is predicted by Sipes et al. [45] and is given by the following equation.

g2w) 2
Iy 2 AAL+Co cos29+C ) cosd) (2:21)

S
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where A.,,V. C® and C{ are the Fresnel factors and ¢ is as defined above. The first
term in equation (2.21) describes the isotropic contribution, the second and third terms
are the anisotropic surface dipole and bulk quadrupolar contributions. Figure 2.2 shows
a good agreement between the theoretical oalculaiion (equation (2.21)). and the
measured SH rotational anisotropy. The sciid line is the fit of the experimental data
using equation (2.21). Notice that the two peaks (from dipolar contribution) are

separated by 180° which agrees with a cos 2¢ term in equation 2.21.

i
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Figure 2.2. An example of a calculated (solid line) and measured (dots)
SH intensity for Ag (110) in 0.25 M Na,SO.. E=-069 V (vs

Ag/AgCl). Taken from [24 (b)].



CHAPTER 3: Experimental

3.1.Introduction:

In this chapter the preparation of the Au (110) single crystal electrode and the

experimental electrochemical and optical setups are discussed.

For the SHG experiments a Au (110) single crystal was needed which has an ending
for an easy attachment of the gold wire and has sufficient mass to resist annealing
without melting. The electro-optical cell was designed specifically for the measurement

of SHG rotational anisotropy experiments and the optical setup was assembled.

2. Pr ion of the Au (11 ingl al electrod

The Au (110) electrode was made from pieces of 1mm diameter, 99.9985%
Puratronic (Johnson Matthey) gold wire. A gold wire was cleaned in acetone, cut into
pieces and about 3.5 g of it was put into a graphite cylinder crucible. The graphite
cylinder containing the gold wire pieces was put into a quartz tube that was previously
degreased with acetone. The quartz tube was put into a coil of an induction furnace
(Elma Engineering, California). The steps in the User's Guide for the induction furnace
were followed to mek the gold pieces. According to the instruction the voltage was

increased slowly, at a rate of 50 V/minute up to about 700V.



35
When the tdp of the quartz tube had a glowing reddish blue flame the voltage was set

at 700V for 20 minutes. After that period the voltage was decreased again by 50V/min.
to zero volt. The melting process was more difficult when larger pieces of gold were
used. The next step was to put the crystal in a solution of aqua regia (approximately 3
volume of HCI to 1 volume of HNO; ) to clean the surface. Aqua regia reacts with the
surface gold atoms and forms the AuCls complex which makes the other single crystal
domains edges visible. The shape of the crystal with and without domains is shown in
Figure 3.1. In part (A) the sample crystal with the demains are illustrated. This is a
polycrystal with many crystallographic domains. In part (B) in Figure 3.1 shows a single

crystal with only one domain.

DAY

A, Crystal with B, Crystal with no
domains . domains
(a polycrystal) (a single crystal)

Figure 3.1. The sample crystal with and without domains.
The size is expanded for a better illustration.
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It domains were observed as shown in Figure 3.1(A), the crystal was remeited again.

When only the (110) domain was observed the sample crystal was aligned. The back
x-ray scattering Laue technique was used to orient the crystal. The Laue back
scattering method uses x-rays which is generated from the continuous spectrum of an
x-ray tube operated at about 40 kV. X-rays are electromagnetic waves with wavelength
range of 0.1 to 10 nm which are of the order of magnitude of atomic dimensions. X-rays
are generated when the electrons from a heated tungsten filament (cathode) of a high
vacuum tube are accelerated through the potential difference of several thousand voits
and strikes a target (anode). In the target the incident electrons knocks an orbital
electron out of an atom. If the ejected electron is from one of the inner shells, then an
electron from one of the outer shell will fill the vacancy. The potential energy of the
electron decreases as it approaches the nucleus which results in an emission of an x-
ray photon having an energy equal to that lost by the electron. The wavelength of the
generated x-ray photons are related to AE by A = ch /AE, where cis the speed of light
and & is the Planck’s constant. The x-rays are then used to orient the single crystal.
The x-rays strike the surface. The parallel layers of atoms in the crystal act as
diffraction grating for x-rays in three dimension. For the diffracted waves to be
reinforced in certain direction and angle 6, the spacing d between crystal planes must
be related to the wavelength A of the radiation. Bragg's law expresses the relationship

between these variables as

ni=2dsin 8 S X))
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where nis an integer. The angle 8 is measured relative to the crystal face [55-57).

X-ray diffraction instrumentation includes a collimated beam of x-rays that is incident on
a crystal sample mounted on a goniometer. The interference effect of the back
scattered radiation from the different atoms of the gold sample causes the intensity
pattern to exhibit minima or maxima in various directions.The diffracted beam is
detected with a photographic film. The single crystal structure is deduced by analyzing
the positions and intensities of the various spots in the pattem. The experimental setup
for X-ray diffraction is described in reference [58]. The distance between the crystal
and the film was 6 cm. The photograph was obtained after 20 minutes of irradiation and
subsequently developed and analyzed with the aid of a Greninger net. The Greninger
net is a projection of a sphere on a flat surface and it is used for reading angular
relations 6n back-reflection x-ray films [59]. The way it is done is the following; the
center of the x-ray film is kept on the center of the Greninger net. Then, an intense row
of spots are made to coincide with one of the hyperbolas going horizontaly across the
chart by turning it through an angle a, which is the angle of the horizontal plane. The
angle ¢ can be read off directly from the chart. By adjusting the position of the crystal
by the angles « and ¢ the Au (110) plane can be made parallel to the fim and
perpendicular to the x-ray. The next x-ray film gives the Au (110) pattern at the center;
the main zones and the sets of indices assigned to the spots must agree with the
stereographic projection having the Au (110) at its center [19]. Afterwards the crystal
was cut paralell to the film to have the Au (110) face then it was mechanically polished

as described next.
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The Au (110) single crystal was held in the goniometer during the polishing

process. The mechanical polishing was done first by using different grades of
waterproof Si-Carbide polishing papers (Struers).It was frequently rinsed with ultra pure
water to get rid of the shed off pieces that could scratch the gold surface. Between
each polishing stage the sample was sonicated for about one minute to further clean
the surface. A diamond pastes (1um) and polishing fluid (Mstadi) was employed for the
next polishing stage. Then the surface was evenly polished and both, the sample and
the holder were rinsed well. For the final mechanical polishing stage a finer diamond
paste with 0.05 um was used. Following the mechanical polishing a scratch free, highly

reflective, gold surface was obtained.

3.3. Electrochemical Cleaning and Polishing.

Electrochemical cleaning and polishing are the final steps in the preparation of
the Au (110) surface. To determine the degree of the electrochemical polishing, and to
get a general idea how the cyclic voltammogram (CV) looked like, the Au {110) was put
into a 0.01M HCIO, solution. The CV was obtained with the hanging meniscus method
[60] in an ordinary electrochemicai cell. The hanging meniscus method is used when a
CV of a particular crystallographic orientation is required. In this technique only the
single crystal face is in contact with the electrolyte solution, otherwise CV would be
similar to a polycrystal. The electrode is pulled up above the solution, as illustrated in

Figure 3.2.
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Figure 3.2. The hanging meniscus method. Only the ivorking electrode is

shown for clarity.
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Annealing is a heat treatment process which has several forms and widely used

in industry and research [61]. Annealing relieves stress that may be locked up in the
metal. By heating the sample, defects and imperfections can be eliminated and organic
contaminations are burned off. In the course of annealing the gold atoms rearranged
themselves because of the thermal energy they received from the applied heat.
Annealing was specially useful when the CV was close to the literature but some
features were not perfect and could nct pe improved with other methods. Imperfections
can be seen in the cyclic voltammograms because CV's z-e sensitive to the
crystaliographic orientation and imperfections of the crystal. The gold single crystal was
first flame annealed in a natural gas flame for about 45 minutes at a temperature close
to the melting point of gold. The temperature was judged from the yellowish red color of
the gold. The gold sample was continuously rotated during annealing to avoid melting

and insure a homogeneous temperature. The highly reflective surface achieved after

" mechanical polishing was diminished with annealing. This is because during annealing

the defects were collected at the top of the surface that decreased the reflectivity of the
gold electrode.

Next, the electrode was polished electrochemically with cyanide. Extreme care
should be taken when working with cyanide. The Material Safety Data Sheet should be
consulted before electropolishing in the cyanide bath. Since the cyanide solution
decomposes quickly it should not be kept long and only a small amount should be
made. The cyanide solution is prepared in the following way and kept in the fumehcod.

The composition of the cyanide solution [62}:
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6.75g sodium cyanide

1.5g potassium sodium tartrate
1.5¢ potassium ferricyanide

2.25g phosphoric acid, concentrated
0.25mL ammonium hydroxide 15M

100mL  ultrapure water

The solution was continuously stirred with a stirring magnet during the polishing

process.
The following polishing procedure was used:

The solution was heated to 60 °C. The counter and reference electrodes were
connected together as described in reference [62]. The potential difference across the
two electrodes was set to 6V. The working electrode was the anode. The current
converter was set to 20 mA/V. The position of the anode and the cathode were fixed so
" that the internal resistance in the solution remained constant during the polishing
process. The current was switched on and then the Au (110) working electrode to be
polished was placed into the cyanid‘e'g'olution. The hanging meniscus method was used
to etch only the surface. The cyanide etched a few layers of gold atoms off by forming
the dicyanoaurate ion, [Au(CN). I which is readily formed in the presence of air.
Electrochemical polishing must be done carefully because during the polishing process

missorientation of the (110) face could increase the number of defects. The time

required for electropolishing was determined by the amount of defects.on the surface
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and the appited cumrent. The duration of electropolishing varied from one to ten

minutes. The cyanide treatment gave back a highly reflective surface ready to be put
into the electro-optical cell designed for the SHG experiment. The CV obtained in 0.01
M HCIO, with the hanging meniscus (Figure 3.2) at this stage was the same as in the

literature [28] (Figure 1.3 and 1.4).

3.4. Description of the electro-optical cell

To perform the SHG experiment with the hanging meniscus method is difficult
because it can break during the rotation of the electrode. Rotation of the gold sample
was essential because, the SHG intensity was measured as a function of the azimuthal
angle. It was therefore necessary to design a cell specially for the SHG experiment.

The electro-optical celt designed has two main parts. A plunger to hold the Au
(110) electrode and the cell body with a window (see Fig. 3.3 and 3.4). The blunger
could be rotated with a reproducibility of + 3° within the cell body and could be moved
easily forward and backward. The plunger was made of a glass body with a teflon end
attached to it to hold the sample. Figure 3.3 shows the design of the plunger that was
to hold the gold single crystal electrode. At the end of the teflon holder a hole was
driiled to fit the electrode into it. Inside the plunger from the Au (110) a gold wire made
the connection to the potentiostat. The fitting between the glass plunger and the teflon
piece wés tight in order to prevent the electrolyte from leaking inside the plunger. The

fitting of the electrode was done as follows. The Au(110) was annealed again for a few
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minutes only to avoid any organic contamination either from air or from handling.

Following annealing, for about 45-60 second the sample was cooled then quenched in
ultrapure water and a drop was left on the surface in order to protect it. Then the side of
the Au (110) crystal was wrapped in a teflon tape and carefully placed into the teflon
holder. Great care was taken to make sure the single crystal surface was as parallel as
possible to teflon holder. The teflon holder was fitted into the glass plunger and after

rinsing with ultrapure water it was placed into the electro-optical cell.

Glass piunger
Au (110)
Au wire l Teflon h°ld< Electrode

|_ 1

Figure 3.3. The glass plunger and teflonholder for the Au (110)
sample which is at the end of the plunger.

The electro-optical cell was made of glass and a teflon part was attached to it to hold a
BK7 window (Figure 3.4). The cell was made such a way that a plunger could move in
and out and can be rotated as well. On the glass cell body there was pair of inlets for
the reference electrode and for the counter electrode. The reference electrode was a

saturated calomel slectrode (SCE). The counter electrode was a gold foil looped
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Figure 3.4. The electro-opticat cell.
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around the working electrode. A gold wire made the connection from the loop to the

outside of the cell. The working electrode was the Au (110} single crystal. At the
outside end of the plunger a protractor scale was positioned to the aluminium holder to
monitor the angle of rotation. The plunger was rotated manually with the aid of a needle
to make tﬁe angle as precise as possible. To avoic any oxygen interference nitrogen
was bubbled through the cell with the aid of another pair of outlets. The cell was
mounted to a block of aluminium holder to keep its position fixed during the experiment.
First, the cell was rinsed and then filed up with perchioric acid solution. After the
potential was cycled at a scan rate of 80 mV/s between -0.3V and 1.4V (SCE) until a
clean CV was obtained. During the experiment nitrogen was bubbled through the cell to

avoid oxygen interference.

3.5. Cyclic voltammetry

In this section the %ascription of technique of the cyclic votammetry (CV) is
given. Cyclic vonammegy;‘tﬁ_éféS] is ar electrochemical technique used to study
electroactive species. In this technique the electrode potential is varied using a linear
increase (decrease) of the potential of the electrodes between two previcdsly set
values. The CV displays the current on the vertical axis versus the potential on the
horizontal axis. Figure 3.5 illustrates the linear variation of potential used as an
excitation signal. We used a three-electrode configuration: a working, a counter, and a

reference electrode. The working (indicator) electrode is the electrode where the
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reaction of interest takes place. The counter (auxiliary) electrode has a larger surface

area then the working electrode. Its purpose is to limit the current to the working
electrode. The reference electrode was in a separate container and is linked by a
Luggin capillary to the cell. This arangement protects the reference electrode from
large current passing through it that could change its potential. It also prevents CI

migration which would interfere with our measurement since CI adsorbs on gold.

5. lic volitammetry instrumentation

The cyclic voltammetry instrumentation inciuded a waveform generator to
produce the triangular excitation signal, a potentiostat to apply the signal to the
electrochemical cell, a current-voltage converter to measure the current, and a
recording device such as an XY recorder to record the current/potential curve. The
potentiostat sets the required potential between the working and the reference

electrode and controls the potential applied to the working electrode.

o

[ ]
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Anodic scan Cathodic scan

v

time

Figure 3.5 Representation of the excitation signal for cyclic voltammetry. One
cycle, the forward ancdic scan and the reverse cathodic scan is shown.

.7. Chemicals an lution

Most of the chemicals used were of the highest purity avaiiable to avoid any
contamination of the supporting electrolyte since the reconstruction of the surface is
very sensitive to contamination. In the majority of the experiments perchloric acid
solution was used as supporting electrolyte.

Chemicals used [62]:
HCIOs  Made from 70% HCIQ,. Distilled twice in quartz
~ (Seastar Chemicals)
KCIOs . Recrystallized twice (ACS,BDH)
H0 Ultrapure (Milli-Q})

."(/":." ..



KOH to adjust the pH.(Aristar)
All of the solutions were made of Millipore Ultrapure water.

For single crystal electrochemistry not only the solutions have to be extremely pure but
also cleaning the glassware is very important. The procedure of cleaning the glassware
is outlined below. The glassware was soaked in hot concentrated sulfuric acid and
usually left in it overnight to cool. It was then rinsed well in ultrapure water and put into
boiling ultrapure water. This step was repeated three times. The glassware was rinsed
again and at this stage it was clean enough for the electrolyte solution to be made.
Cleaning the glassware this way ensured that impurities from the glass were minimal.
The concentration of HCIO, electrolyte used in the experiment was 0.01M. The KCIO,
was purchased from BDH (ACS). Since it was not possible to purchase high enough
grade it had to be recrystallized twice in water by a general recrystallization procedure.

At the end of the recrystallization the solution was cooled slowly to obtain large KCIO,

crystals.

n ion of nd harmoni he interphase.

Since SHG cannot originate from the bulk of centrosymmetric crystals in the
dipolar approximation, but at the electrode-electro!yte- interiace this symmetry is broken
and SH can be generated. The metal-electrolyte interface is illustrated in Figure 3.6. In
this figure the incoming p pelarized fundamental and the detected s polarized second

harmonic from the Au (110) surface in the electrolyte solution is illustrated. Gold has a
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strong absorption coefficient so its surface reflects most of the incident light both, at

532 nm and 1064 nm.

, Electrolyte Solution

20, S polarized o, p polarized

L+ Au (110) Electrode

Figure 3.6. Schematic illustration of the incoming p polarized
and detected s polarized beams on the Au (110) surface

Only a small portion of the energy of the incident beam is transmitted deeper into the
metal surface. The reflection and transmission at the phase boundaries are governed

by the Fresnel equations [42].

’:"’,H

R



S0

The assembly and testing of the experimental setup was the most time
consuming during this research project. The description of the experimental setup and
data acquisition is given in this section. The optical source used for the experiment was
an Active Passive, Mode-Locked, Q-switched, pulsed picosecond Nd:YAG laser [66]
with a fundamental wavelength of 1064 nm. A picosecond laser was used instead of a
nanosecond laser because the peak power and the shorter duration of the pulse gives
a more efficient second harmonic optical process. The technique of Q-switching allows
the generation of picosecond pulses with more peak power concentrated into a short
pulse. Q-switching can be done several ways. In this experiment a saiurable absorber,
a dye (Exciton, Q-Switch-1 MW 763.33) was used for G-switching. The way Q-
switching works is that, when most of the dye molecules have been excited by intense
radiation, the dye loses its ability to absorb more radiation, it becomes saturated. When
the dye is saturated it becomes transparent, and the ;avity becomes open and lasing
occurs. Mode locking is able to produce pulses of picosecond duration. Mode locking
allows the random phases in the cavity to be locked together so that they can interfere
constructively with each other.The constructive interference occurs as a series of sharp
peaks separated by sections of destructive interference. The peak power of the laser is
than obtained in a picosecond burst. Active mode locking is achieved using an
acousto-optic modulator of the laser cavity. A prism is linked to a transducer

(piezoglectric KDP crystal) which is driven by a radiofrequency source at a frequency
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/2L, where ¢ is for the speed of light and L is the cavity length. The transducer sets up

standing-wave vibrations in the prism and stabilizes the mode locking process. Mode
locking can also be accomplished passively by including a saturable absorber, a dye.
When the dye is saturated it becomes transparent and allows a bunch of photons to
pass through and travel to the mirror at the other end of the cavity. Inmediately the dye
shuts down and opens only when the amplified pulse returns from the far end and
saturates the dye again. This way the intensity of centain pulses can grow considerably
since every time the pulses pass along the cavity they stimulate emission. The active-
passive mode locked and Q-switched oscillator pulse train consisted of about 15
individual pulses each separated by the round trip time of about 7ns within the cavity.
The duration of each pulse is about 35 ps. The repetition rate was 10 Hz. The 532 nm
wavelength generated within the laser is removed with two selective dichroic mirrors
before the beam emerged from the laser. A schematic representation of the opticai set
up is shown in--ig. 3.7. The 1064 nm fundamental beam emerging from the laser is p
polarized. The p polarization is the polarization mode when the electric fields are
paralle! to the plane of incidence at the surface.Then the beam was passed through a
beam splitter where 10% of it was reflected on a pulsed energy meter to monitor the
energy and to normalize the SH signal during the experiment. The beam size was
reduced by half after it was lead through a reducing telescope. In this experiment only a
single puise was selected frcm the mode locked pulse train using a single pulse

selector (SPS).

Ly
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The reason for using a single pulse is that it cannot heat up the sample as much as the

full pulse train would. The SPS unit selects one of the most intense single pulse and
rejects the rest of the pulse train. The heart of the SPS unit is the Pockels cell. it is an
electro-optical device based on the ability of potassium dihydrogen phosphate (KDP)
crystals to rotate the plane of polarization when a high potential difference is applied.
The Pockéls cell in the SPS unit is triggered by a signal around 6V from the fast
photodiode that monitors the output of the laser oscillator. !t is best to trigger on the
steepest pulse of the pulse train so the neighboring pulses does not cause an early or
late triggering of the Pockells cell (KDP crystal). The cabie delay of 5 ns/m between the
photodiode and the Pockels cell gives an additional delay of the signal so the SPS time
window is centered around one of the most intense pulses [67). The polarizer before
the Pockels cell transmits vertically polarized light and the second polarizer, after the
Pockells cell transmits horizontally polarized light. When potential is dropped across
the Pockels cell the plane of polarization of the laser beam is rotated by g0° then the
second polarizer can transmit the beam [68]. Therefore, it is possible to switch a single
pulse out from the puise train if the duration of the applied voltage is iess than the
period between two successive pulses. Because the SPS rotated the beam by g0’ its
polarization changed to s (the electric field is perpendicular to the plane of incidence).

The energy of the selected single pulse was about 0.35 mJ. The measured energy

%ét’ébility of the selected singie pulse was £10 %. The single pulse was reflected with a

set of mitrors and then passed through a polarization rotator. The polarization rotator

rotated the plane of polarization by 90° back to p again (see Figure 3.8). Then the
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beam is focused (f=20cm} on the Au (110) sample at an angle of 45° from the surface

normal. The energy density at the surface was about 3 mJ/cm®. The SH signal in this
configuration is in the same direction as the reflected fundamental beam.The generated
second harmmonic (532 nm) and the reflected fundamental beams from the Au (110)
were collected with a focusing lens (=15 cm) as illustrated on Figure 3.8. To reject the
fundamental the beams were passed through a dichroic mirror and a low pass filter.
Then the second harmonic beam was passed through an analyzer. The analyzer
blocked the p component and transmitted only the s component of the generated
second harmonic beam. The s polarized beam then was focused by a 10 cm focal
length lens on the entrance slit of a photomultiplier tube {(Hamamatsu R4220P).
Photomultiplier tube (PMT) works in such a way when light strikes the photocathode of
the PMT, an electron is ejected by the photoelectric effect. The ejected electron is
accelerated towards the first dynode. Then secondary electrons are ejected toward the
second dynode. This process continues for about 10-14 dynodes where each dynode
gains about 4-5 electrons. All together about 107 photoelectrons can be collected at the
anode by producing a current of 1.6 to 16 mV. The SHG photons were counted with a
gated photoncounter (Stanford Sr 400) in a single photon counting mode. The single
photon counting mode counts each photon of light individually, and this gives better
detectability, higher stability and an improved signal to noise ratio. Photon counting is

used at a very low light level. The photon counting system is briefly descibed below.
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Figure 3.8. The arrangement of the polarizer, analyzer

and the lenses at the sample.

The pulses from the PMT are amplified with the main amplifier (A preamplifier can be
used before if necessary) and then directed toward the discriminator with a built in IC
comparator. In the comparator the pulses are compared with the preset reference
voltage and discriminated into two groups. One group of pulses are iower and the other

group is higher than the reference voltage. The lower level pulses are eliminated by the
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lower level discriminator and the higher level pulses are eliminated by the upper level

discriminator. The pulses from the discriminator goes to the pulse shaper and then to
the counter. Since lasing occurs 150 = 10 us after the flashlamp triggering signal the
gate was opened also 140 s later for 20 s to count th> generated seconc harmonic
photons. The opening of the gates was triggered by the flashlamp trigger input. Gating
is used for preventing pulses that occur outside the time interval of interest from being
counted and also improves the S/N ratio. The large gate (20 us) is necessary because
the jittering of the dye (the saturable absorber) is about 10 us, this ensured the
detection of all of the SH sigftals.

Data acquisition for the pulsed energy meter was done with an analog/digital AT-
MIO-16 interface board (National Instrument Corporation). The AT-MIO-16 board reads
the input signal from the pulse energy meter and translates the analog signal to digital.
The data acquisition for the SH intensity from the gated photon counter was performed
using a GPIB interface and the Labview software for Windows (National Instrument
Corporaiion). The SH signal was normalized against the energy output of the laser as it

is show in equation (3.2).

I(2m)
Norm __ SH

SHeey ™ (I(m) 2
lascr

(3-2)

The second harmonic intensity was divided by the square of the laser energy. The way

this was done 10% of the incident beam was split to the pulsed energy meter and
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read with an A/P card and Labview software program processed the data. The average
SH signal level was 20 countsflaser shot. The data collected in this work are an

average of 300 laser shots per data point.
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Chapter 4: Result and Discussion

4.1. Introduction

In this chapter, the results of the study of the potential induced surface
reconstruction of Au (110) electrode in 0.01 M HCIO, by second harmonic generation

are presented and analysed.

A summary of previous ex-situ and in-situ studies of the Au (110} surface are
discussed below. The ex-situ low energy electron diffraction (LEED) studies in ultrahigh
vacuum by Kolb et al. showed that the Au (110} exhibits the (1x2) reconstructéd
structure aﬁositive charge densities. The reconstructed surface was found to be stable

up to +0.9 V (SCE) [37].

The in situ surface X-ray scattering {SXS) study by Ocko et al. {38] did not
support the above LEED findings, but confirmed that at negative potential both, the
(1>x2) and (1x3) reconstruction exists in 0.01 M HCIO,. This SXS study reveals an
incommensurate first layer relative to the bulk. This occurs because of the mixture of
the random distribution of (1x2) and (1x3) reconstructed surface structures. In a salt
solution at a negative charge density only the (1x3) reconstruction exists, This
observation was also supported by STM measurements which shows that when thé
potential is more positive than the pzc {(-40 mV) in HCIO, the surface reconstruction is

lifted. Although, the unreconstructed (1x1) surface contains many islands of adatoms.

[
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Surface reconstruction for Au (110) is also supported by differential capacitance

measurements [28,39] which shows a significant hysteresis during the positive and the
negative sweep of the potential. This irreversibility in the potential-dependent double-
layer capacitance gives another evidence for surface reconstruction (see Fig.1.2).

The in situ scanning tunneling microscopy (STM) study by Weaver et al. [39]
confirmed that at above the pzc (-40 mV) the unreconstructed (1x1), while below the
pzc mainly the reconstructed (1x2) and (1x3) structures exist in 0.1 M HCIO,. The STM
result shows dense arrays of paraliel strings running in the <1T10> direction. The
distance between the closest adjacent strings of the (1x2) structure is separated by 8.2
+ 0.3 A The string separation for the (1x3) structure is about 16.5 A. Furthermore,
corrugations across the strings are also detected on different STM images. [39]. These
images show that the string microstructures are not uniform because they have several
short range interruptions. The STM also shows large terraces [69] which contain
defects on the Au (110) surface. These are originated from the previous removal and
formation of reconstruction. The terraces have well ordered steps that are parallel to
the rows and contain the (111) microfacets [38,70,71]. The steps across the rows are
highly kinked in the <100 > direction.

In this study the SHG rotational anisotropy curves show that the surface
symmetry is more complex than the expected. On both surfaces the symmetry elements
found are mainly Cs. The data was fitted with three different models which were based

on a phenomenological theory [45§. and STM [39,70,71] and SXS [38] results.



60
From the data analysis it was found that there is a significant contribution from the

(111) microfacets to the nonlinear susceptibility of the reconstructed and

unreconstructed surface.

4 2. Electrochemi f Au (110) in perchloric acid

A typical cyclic voltammogram obtained before the SHG experiment with the
hanging meniscus method in 0.01M HCIO, is shown in Figure 4.1. This voltammogram
was obtained at a scan rate of 80 mV/s. The electrochemical processes corresponding
to the oxidation and reduction peak potentials were discussed in Chapter 1, where it
was also shown that the anodic oxidation and the cathodic reduction peak potentials
agree with the lterature. The pzc is around -40 mV as expected for the (110)
crystaliographic orientation for gold where the current is minimum. This means the
adsorption-desorption processes are in equilibrium and govemed by the Nemst
squation. The CV of the double layer on Figure 4.1is symmetric. This means there is no
significant contamination neither on the surface nor in the solution close to the
electrode. The four main symmetric peaks in the positive potential region, 0.1 V to 0.7
V (SCE) of the double layer corresponds to the adsorption/desomtion of ClO4” anions in
the anodic and cathodic cycle. Since the charge on the electrode is positive it makes
sense that the negative ClO, anions are adsorbed on the surface in this potential
range. Other voltammetric features include the anodic oxidation peaks between 1.0 and

1.4V (SCE)
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in the upward potential sweep and cathodic reduction peaks around 0.9V (SCE) in the

downward potential sweep that were explained in Chapter 1.

4.3. SHG rotational anisotropy of Au (110).

In this section the results of the SHG rotational anisotropy measurement of Au
(110) in 0.01 M HCIOQ, are discussed. The solution was deoxygenated before the
experiiﬁent for 30 minutes and the CV was recorded. The SH signal was then collected
at four potentials; -0.2, +0.4, +0.6 and +0.8V (SCE). The scan rate from one potential to
the next was 10 mV/s. The crystal was rotai.d by 10° and tt.;_data collection started
again at the four potentials described above.

The nomalized intensity vs rotational angle and electrode potential was
collected with an incoming p polarized fundariental and analyzed for s polarized
second harmonic. The ps polarization was used for the SHG measurements because
this choice displays a large rotational anisotropy. This data set is the average of four
separate runs in four different days. Each of the curves was the average of 300 laser
shots. The normalization of the curves were done by dividing the SH intensity with the
square of the intensity of the fundamental beam. A linear baseline was chosen close to
the lowest count and it was subtracted from the noise before averaging and smoothing

the data. The origin of the baseline was from the contribution of optical components.



63
The reference zero degree was defined as the angie between the plane of incidence of

the fundamenta! light and the <100> direction on the surface (see Figure 4.2).

00

Figure 4.2. The illustration of the zero degree as the <100> plane.

The angle ¢ was rotated by 10° increments after eact set of potential.

The result of the measured average potential dependence of the SH rotatioral
anisotropy pattern of the Au (110) electrode in 0.01M HCIO, is shown in Figure 4.3.
;llhis figure presents the normalized SHG intensity versus the angle of rotation and the
applied potential. The applied potentials from the bottom to the top are -0.2, +0.4,+0.6,
+0.8 V (SCE). The rotational angle was measured from 0° to 360° degrees. There are
six peaks on these curves with different intensities. There is one intense peak around
30°, following by two less intense peaks about 80° and 120°. Three smaller peaks at
around 220°, 270° and 320°. Some of the peaks are separated by approximately 60°
which gives a good indication of the presence of three-fold symmetry elements. The six

SH peaks are in agreement with an earlier result obtained by Pettinger et al. in NaCIO,

[72].
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Figure 4.3; The average of the measured rotational anisotropy of Au (110) electrode vs
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An example for a single run of the recorded normalized SH intensity vs rotational angle
and electrode potential is shown in Figure 4.4. This is an example of the untreated raw
data. For both figures, the estimated number of photons without the baseline was about
5 counts per laser shot. The first SHG data was collected at -0.2V and after about 2
minutes the next reading was taken at +0.4V foliowed by readings at 0.6V and 0.8V
(SCE).

The shape of the average and single SHG rotational anisotropy curves as shown
in Figure (4.3) and (4.4) of Au (110} in 0.01 M HCIO, are complex. The curves do not
change significantly in the reconstructed (negative potential) region and in the
unreconstructed (positive potentiai) region. This resuit suggests that, the symmetry of
the Au {110) surface is not changing rapidly.

To see a trend relating to the expected surface symmetry the data was fitted by
different models. According to the theory developed by Sipe [45] et al. for Czv symmetry
one can expect two or four maxima in the SHG rotational anisotropy curve as was

shown in Chapter 2. It was shown that hexagonal (111} microfacets [72] exist along the

<1 1 0> direction of the reconstructed (1x2) and (1x3) structures. The (111) microfacets
can produce threefold symmetry elements i.e. peaks that are separated by 60° or 120°,
that are clearly noticable in the SHG rotational anisotropies of the reconstructed Au

(110) surface.

Three different models were used to treat the data.
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1, The first model was developed by Pettinger et al. [72]. This model takes into

account the (111) microfacetting due to the reconstructed (1x2) and (1x3) structures
that causes a C, type SHG anisotropy.

2, The second model was developed in our lab by D.Keefe [75]. It was derived
only for Cs symmetry and it did not take into account other symmetry contributions.

3, Tir2 third model which is a modification of the second Cs model with an extra

threefold component perpendicular to the first one. These models are briefly described

below.

4.2. The {111) Microfacetting Model

This model assumes a Cg type symmetry for the reconstructed (1x2) and (1x3)
surfaces. The reconstructed surface contains an additional three-fold symmetry
element originating from microfacetting. The microfacetting model for SHG intensity for
P polarizéa fundamental and s polarized second harmonic E«:. given below in equation

(4.1).

Leoc|a’sing +b'cos ¢ +csin 2 +d’sin 3¢ +e’cos 3p |2 ° (4.1)

where ¢ is the angle between the plane of the incident beam and the <100> axis oﬁ the

(110) surface.

(t
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a’'=acos o
b’ = b sin a,
d'=dcos ag
e’'=esinag

where oy and oz are the angles of the direction of the (111) microfacets whose
orientation is different from the <110> axis. The angles ay and s are adjustable
parameters and they also introduce the cos ¢ and cos 3¢ terms. The sin ¢ and the sin

3¢ terms are associated with the pseudo-Cay symmetry of the (111) microfacets.
4.3. Trc Cs model

This mode! corresponds to a (110) surface which had a Coy symmetry initially but
because of the random distribuiion of the (1x2) and (1x3) reconstruction, the symmaetry
changes to a Cs symmetry.The mirror plane of the Cs symmetry is along the <100>
direction. The susceptibility tensor in a tensor notation for the Cs symmetry is shown in

equation (4.2)

0 0 0 0 %. Xo :
=X Xy Xz Xpe O O (4.2)
oo Xow X= Xoe O O

@

p 4
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Equation (4.2) is written in terms of the surface coordinates (x).2), these are

transformed to the beam coordinates (5.k.3) [45] (see Figure 2.1). The x direction is
the <110> axis, the y direction is the <100> direction and the z direction is
perpendicular to the surface.

This transformation from surface coordinates to the beam coordinates means a change
from one set of mutually perpendicular axes to another set with the same origin.
Afte"*‘ar!§formation the susceptibility tensor in the beam coordinates is expressed as
Al ’ "_s,of A* for the Cs model is listed in Table 4.1. All other elements not
shdwﬁ 'é're zero. By knowing the elements of the second order susceptibility tensor the

SHG intensity for the Cs symmetry can be obtained.

Table 4.1

Second order surface tensor elements of the susceptibility tensor in terms of beam
coordinates for a C; surface.

(%)

i

[}



70




AL = (x"‘ FXo )+(x°" ;x""’)cosZQ’
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The SHG intensity for p polarized fundamental and s polarized second harmonic is

shown in eqn. (4.3).
I, o<lesin2¢+ £ cosd+ gcos3[’,
e=fofi(ox L)

Rt Ay

f =-‘lz-fc2(x.n'y 2 )—fszx)::’

g=~3f Ao, —%).

O

(4.3)

4.4)

(4.5)

(4.6)



72
where ¢ is the angle between the plane of the incident beam and the <100> axis on the

Au (110) surface. f. and f, are the Fresnel factors, e, f and g are complex quantities

and g was taken as a real quantity to treat the data.

4.4. Modified Cs model

The SHG intensity for the modified Cs model is given by the following equation
to which an extra 3-fold sin component was added because of the microfacetting of the

Au {110) reconstructed surface.
lpsoc | hrsin 2§ + icos ¢ +jsin 3¢ + kcos 3912 (4.7)

where h, i, j are complex quantities and k is taken as a real quaﬁtity for fitting purposes.
The definition of ¢ is as before. The modified Cs model includes the extra three-fold
component, where this second source of three-foid symmetry is perpendicular to the
other Cs three-fold symmetry source. This assumption is based on the fact that the Au

(110) reconstructs along the <100> direction and the long chains of atoms are built in

the <11 0> direction. Consequently it is possible to have two sources of nonlinear

suscepuilities along these directions.

L

5
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4 5 Fitting of th rimental da

The method of nonlinear least squares was used to fit the data. The data was
fitted using the Cs model equation (4.3), the microfacetting model equation (4.1) and
the modified Csmodel equation (4.7). The fitting parameters of these equations and the
standard deviation are shown in Table 4.2. The result of the fitting is shown in Figure
4.5. As can be seen in Figure 4.5 (b), the trend revealed in the experimental SHG data
at -0.2 V in Figure 4.5 (a) cannot be reproduced with the Cs model. The position and
the number of peaks obtained for the rotational'anisotropy curves are different.

The fitting obtained with the microfacetting model is shown in Figure 4.5 {c). This
fit is closer to the experimental rotational anisoiropy data. The number and the
positions of the peaks resemble more the actual data. The extra one and three-fold
anisotropy source gives sufficient flexibility to the fitting functions to provide peaks with
different intensities. However, in this mode! the meaning of the adjustable parameters,
a; and as. is not exactly known. The data was well fitted with the modified Cs model
(Figure 4.5 (d)). which also gives support to that the threefold anisotropy is originating
from the Cs symmetry of the surface and also from the (111) microfacets.

The magnitude of parameters versus the applied potentiais for equation (4.7) are
plotted for the modified Cs model (Figure 4.6). This graph shows that the symmetry of
the SHG rotational anisotropy at -02 V (SCE) is mainly three-fold because the

magnitude of the three-fold components are the largest.



Table 4.2

Parameters of least squares fit of experimental data at -0.2V.

74

Parameter Value
Microfacetting Model
a -0.1017 + i0.1718
b -0.1248 + /0.2108
< | -0.3210 - /0.0635
d’ 0.1147
e 0.0517
Standard deviation 0.073
C; model
e -0.1266 + /0.3473
f 0.0338 + i 0.0667
g 0.2558
Standard deviation 0.083
Modified C; model
h -0.1257 + i0.1839
i -0.0515 + /0.0202
J -0.1470 - /0.2414
K 0.3080
Standard deviation 0.065

* Note that from egns. (4.1), b’ was held fixed to b=

ab;

L4
L
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Figure 4.5. Rotational anisotropy of Au (1 10} electrode in 0.01 M HCIO, at -0.2 V
(SCE). (A) Experimental data. (B) Least square fit of Cs model (egn. 4.3). (C)

Least square fit of the microfacetting model (eqn. (4.1)). (D) Least square fit of

the modified Cs modet! (egn. (4.7)).
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The top two curves in Figure 4.6, where (°) represents the sin 3¢ term and (%)

represents the cos 3¢ term, are similar in magnitudes and they correspond to the two
perpendicular sources of the three-fold symmetry. The third point from the top (®,
represents the magnitude of the sin 2¢ term. in the modified Cs model the two-fold
component relates to the domains of pseudo-Cov symmetry. In the bottom curve (%)
represents the magnitude of the cos ¢ term that is the one-fold symmetry component of
the rotational anisotropy. The one-fold contribution is significantly smaller than the two
and three-fold components. In the modified Cs medel the magnitude of the parameters
suggests that the surface nonlinear response of the reconstructed surface is coming
from the structures having a pseudo-Czy and a pseudo-Cay symmetry.

The modified Cs model shows that the appearance of the three-fold symmetry to
- some extent can originate from a surface which has a Cs symmetry. Consequently, the
magnitude of the three-fold component might not originate only from the (111)
microfacets of the reconstructed surface, but some other symmetry sources related to
the Cs symmetry. Pettinger et al. [72] suggested that the main source of the three-fold
rotational anisotropy is from the (111) microfacets. In the modified Cs model developed
in our lab the directions of the two three-fold sources have definite directions; the
second three-fold source is perpendicular to the other three-fold symmetry source.
While in the microfacetting mode! the angle was used as a fitting parameter. STM
results [39,70,71] show twc main axes of symmetries in the <110> and <100>
directions which are perpendicular to each other. Also, surface relaxation [39,73] which

occur with surface reconstruction can modify the (111) microfacsts.
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In this case the local structure of the (111) microfacets would have two mirror planes

where one of the planes is coincident with the mirror plane of the Cs model and the
other is perpendicular to it.

As shown in Figure 4.3 and 4.4 there is little change in the second harmonic
rotationai anisotropy curves in the potential range studied. Furthermore, the
magnitudes of the fitted parameters do not change significantly in this potential range
(Figure 4.6). Pettinger et al. observed similar result in NaCIO; [72] where the rotational
anisotropy was relatively invariant from -0.2 V (SCE) to the onset of oxide formation.
These results suggests that the nature of the cation does not modify the SHG rotational
anisotropy. According to these SHG studies in perchlorate electrolytes, the nonlinear
susceptibility response of the Au (110) surface does not change significantly from the
reconstructed to the unreconstructed surface. The magnitude of both three-fold
components (the two top curves (°) in Figure 4.6) are similar and hardly change
between -0.2 and +0.4 V. In this potential range where reconstruction should be lifted
according to STM. The magnitude of these two three-fold symmetry components
decrease between +0.4 and +0.8 V where the surface is unreconstructed [39,70,71].
This suggests that if the three-fold symmetry component originates primarily from the
(111) microfacets the number of atoms in the (111) microfacets would not change to a
large extent in this potential range. However, the magnitude of the two-fold component
which is related to the pseudo-C.v symmetry varies differently. It decreases between -
0.2 and +0.4 V and increases between +0.4 and +0.8 V (SCE). The small increase of

the two-fold component and decrease of the three-fold component can be explained
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with the increase of the well ordered unreconstructed regions on the Au (110) electrode

surface.

Since the variations of the magnitudes of the components in perchlorate
solutions are small, the lifting of the reconstruction should be a gradual process. A
gradual pﬁase transition is also suggested by differential capacitance measurement
[39] where in the double layer region there is a large hysteresis in the capacitance
curves between positive and negative going potential sweep within -0.3 Vand +0.7 V
(SCE). If the hysteresis is related to the reconstniction process then the reconstruction
would occur over a wide potential range. Based on the STM results [39] the hysteresis
could be explained with surface disorders, such as steps, defects, islands and
microfacets. An STM study [71] reveals that in 0.1 M HCIO. the Au (110) surface
reconstruction exits only at potentials more negative than +0.05 V (SCE). The
unreconstructed electrode surface contains a large number of structural defects, like
islands on larger terraces and (1x3) elements. The defects are related to the preceding
removal and formation of the reconstructed surface. The STM study [71] also says that
the reconstruction occurs via local nucleation and does not support the gradual phase
transition, but agrees with that at positive charge densities e.g; above +0.1 V (SCE) the
surface is largely unreconstructed.

To compare the present and previous SHG and STM informations at a potential
of +0.1 V (SCE) the conclusion is that SHG must be more sensitive than STM to the
presence of defects, steps, islands and (111) microfacets. However, the STM study [71]

shows that the amount of defects are only a few percent and accordingly this cannot be
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the main source of the SHG rotational anisotropy. Other factors, such as the quality of

pretreatment of the electrode surface especially the flame annealing process along with
the purity of the electrolyte solution can have a significant effect on the Au (110)
surface reconstruction. This could include the formation of larger (111) microfacets
which depends on flame anrealing. It is also possible that the removal of defects on the
not weli ordered unreconstructed surface cou'd have contributed to the measured SHG
rotational arisotropy on the electrode surface. According to STM measurement these
surface imperfections are removed slowly [71] or not at all at more positive potentials.
This agrees with the gradual change from the reconstructed to the unreconstructed
surface that was observed in this experiment.

Ii should be noted that when more strongly adsorbing electrolytes, such as
halides are used, the SHG and STM observations are in close agreement. For
instance, the adsorption of bromide ions in NaCiO, supporting electrolyte results in a
lifting of the (111) microfacetting. This is suggested by the relatively sharp
disapperance of the three-fold symmetry component (see Figure 3b of Ref. [72]). The
transitiqn with the Br~ adsorption is more obvious then the results of this experiment
with the weakly adsorbing perchlorate anion. Therefore we believe that SHG is
following the surface reconstruction and not the amount of defects. The results suggest
that the SHG is detecting the slow transition from a reconstructed to an
unreconstructed Au (110} surface which causes significant change between 0.4 and 0.8
V (SCE) in C.01 M HCIO, electrolyte. The slow transition from a reconstructed

(1>2)/(1x3) to the unreconstructed (1x1) surface can be due to the low mobility of the
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top layers of atoms in a weakly adsorbing electrolyte. The formation and lifting of

reconstruction is not as clear as in the case of a strongly adsorbing electroiyte. A
strongly adsorbing anion like Cl might increase the mobility of the atoms in the top
layer [72], this can help to remove reconstruction.

Presently it is not well understood why the transition from the reconstructed to
the unreconstructed surface is only gradual. It is possible that when the charge is
removed from the surface in a weakly adsorbing electrolyte the unreconstructed
surface cannot be more stable than the reconstructed surface. A theoretical study done
recently [74] suggests that the energies of the reconstructed (1x2) and (1x3) structures
are equivalent and more stable than the (1x1) unreconstructed structure without any

applied potential on the surface [75].

A
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Summary

This study shows there is a very weak potential dependence of the rotational
anisotropy of the SHG signal from the Au (110) electrode in 0.01 M HCIO,. The data
was well fitted with the modified Cs model with the extra three-fold component which
shows that the overall symmetry of the surface is Cs. It was found that the second order
nonlinear susceptibility for both the reconstructed (1x2)/(1x3) and unreconstructed
(1x1) surface has a large three-fold symmetry comporent. The three-fold components
are originating from the Cs symmetry and from the (111) microfacets. In conclusion, we
suggest that the reconstruction of the Au (110) surface in a weakly adsorbing

electrolyte is occuring gradually in the potential range studied.

{
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